The specific mechanism of cell killing by hyperthermia is unknown, but the high activation energy of cell killing and other responses to hyperthermia suggest that protein denaturation is the rate-limiting step. Protein denaturation can be directly monitored by differential scanning calorimetry and in general there is a good correlation between protein denaturation and cellular response. Approximately 5% denaturation is necessary for detectable killing. Protein denaturation leads to the aggregation of both denatured and native protein with multiple effects on cellular function.
Introduction
The effects of hyperthermia on mammalian cells are pleiotropic. In addition to multiple effects on cellular physiology, relatively short exposure to temperatures in excess of 40-418C inhibit growth, are cytotoxic, alter signal transduction pathways, sensitize to other stresses such as ionizing radiation and many chemical agents, and induce a resistance, termed acquired thermotolerance, to subsequent heat treatment. This suggests that damage is not localized to a single target, but that multiple heatlabile targets are damaged and that the subsequent cellular responses occur throughout the cell. Extensive protein denaturation has been demonstrated to occur in mammalian cells during exposure to 40-458C for moderate periods of time, numerous cellular functions damaged or inactivated have been identified, and much has been learned about how heat shock proteins (Hsp's) might be involved in acquired thermotolerance. However, at the present time the initial critical targets of heat damage have not been identified. Thus, the specific mechanisms of hyperthermic damage still are not known.
Growth and killing at elevated temperatures

Direct effects of elevated temperature
An increase in temperature results in increased translational, vibrational, and rotational motion of all molecules, including water, within cells, tissues, and organisms. All responses to hyperthermia must result from this increased motion. Increased motion results in more rapid reaction rates, resulting in both increased metabolism and transitions in cellular structures such as membranes and macromolecules such as protein and DNA. Increasing the rate of reactions is probably most damaging if it results in the unbalancing of related reactions, which is sometimes referred to as unbalanced metabolism. Metabolic and other enzymatic reactions are of relatively low activation energy (e.g. 3-20 kcal/mole) while transitions have a sharp temperature dependence resulting in high apparent activation energies (e.g. 100-200 kcal/mole). A transition in a macromolecule is defined as a structural transformation from the ordered, native state to a more disordered state usually referred to as the unfolded or denatured state that is triggered by increasing temperature. Cellular responses governed by these molecular processes can be distinguished on the basis of their activation energies. Thermal damage appears to have a very high activation energy, in the range of 100-200 kcal/mole, and the rate limiting molecular mechanisms resulting in thermal damage must have a similar high activation energy, suggesting the involvement of a transition as the rate-limiting step (for a review see Lepock 1 ).
Models of survival curves
The most quantitative measurements of the response of mammalian cells to hyperthermia, which can be used to determine the temperature dependence of thermal damage, are survival assays which are usually based upon clonogenic capacity. Survival curves for Chinese hamster lung (CHL) V79 cells from 41.5 to 45.58C are shown in figure 1(a) . These curves are similar to many others obtained previously for other cell lines 2 and are characterized by a shoulder and an exponential region. In addition, below a critical temperature, usually 42-438C but dependent upon cell sensitivity, a plateau in survival occurs at longer heating times. This is thought to be indicative of the induction of thermotolerance during heating, usually referred to as chronic thermotolerance to distinguish it from acute thermotolerance (i.e., tolerance that develops at 378C following acute heat shock). Chronic thermotolerance is observable for the 41.58C curve at exposures greater than 200 minutes (not shown in Figure 1 (a)) and appears to occur during sufficient exposure to any temperature in excess of normal growth or body temperature. In addition, the slope of the exponential region is decreased by chronic thermotolerance below 42-438C. There is no convincing evidence that the mechanisms of acute and chronic thermotolerance differ, although there may be more than one mechanism of thermotolerance 3 . Survival in the exponential region can be approximated by
where k is the rate of killing which corresponds to an inactivation rate, SðtÞ is the number of surviving cells at time t, and S o is the number of cells at t ¼ 0. This suggests that a direct correlation can be made with the inactivation of a molecular target or targets, since inactivation of enzymes by high temperature obeys similar kinetics 4 . In the shoulder region, survival decreases less than exponentially for short times of exposure. If damage is proportional to dose, which for hyperthermia is dependent on both temperature and time of exposure, the presence of sublethal damage is implied, which can be interpreted in various ways depending on the model one uses. One interpretation is that this implies the existence of multiple targets or multiple copies of a target, all of which must be inactivated before death ensues.
Hahn 5 developed a multitarget mode, using the above interpretation, similar to those used for killing by ionizing radiation based on the assumption of n targets per cell, each requiring a critical kinetic energy (S c ) for inactivation. What constitutes a target is not defined. If the kinetic energy is distributed among the targets according to the Boltzman distribution, then the rate of inactivation of any target is given by
where E c is the critical kinetic energy for that target. The probability (P c ) of a cell surviving an exposure for time t to a temperature T is
This model can fit the usual hyperthermic survival curves with a shoulder and an exponential region and gives values of n between 1 and 30. Since the molecular definition of a target is unclear, the exact meaning of n is unclear. The simplest definition, that a target represents a single protein, is inconsistent with this model, since nearly all proteins are present in more than the few copies per cell implied by the small values of n observed. Thus, it is more likely that the target is a complex structure.
Model survival curves were generated using the multitarget model and are shown in figure 1b. The value of the inactivation rate k is 0.05 min À1 for curve A. This corresponds to the rate of killing of V79 cells at 43.58C. The shoulder was generated assuming a target number (n) of 2, which gives a shoulder (referred to as D q ) of 13 minutes. Curve B corresponds to inactivation at 41.58C (k ffi 0:01 min À1 ) without the induction of thermotolerance. Curve C models a survival curve in which thermotolerance is induced in 20% of the cells yielding a resistant tail composed of cells that are 10-fold more resistant to killing. The precise shape of the final survival curve is very sensitive to the values of k, thermotolerant fraction, and thermotolerance ratio. However, the model curve matches the actual survival curve measured at 41.58C for V79 cells reasonably well and demonstrates that expression of thermotolerance in a fraction of the cells is sufficient to generate a resistant tail.
Thus, the rate of killing is highly dependent on the thermal history of the cells. Exposure to lower hyperthermic temperatures induces thermotolerence during heating, resulting in cells much more resistant to hyperthermia than the control cells. This is a simple demonstration that sensitivity to heat stress is not fixed, but is dependent upon numerous factors including previous heat exposures.
Arrhenius plots of growth and killing
Arrhenius plots of k for killing in the hyperthermic region (figure 2) have a sharp bend at 42-438C 6 , due to the induction of chronic thermotolerance during the survival assay, but there is evidence they are linear for temperatures above this critical temperature to at least 578C 7 . The linear relationship between ln k and 1=T implies that the temperature dependence of the rate constant for killing can be approximated by
where E a is the slope and is referred to as the activation energy. Two interpretations of E a are possible. The less mechanistic interpretation is that E a is just a measure of the temperature dependence. A more specific interpretation relates cell killing to the inactivation of a molecular target: E a represents the energy barrier for formation of the transition state of the critical target during the rate-limiting step of inactivation. Westra and Dewey 2 have suggested that the very high value of E a (150-200 kcal/ mole) for hyperthermic cell killing implies that protein denaturation is the rate-limiting step.
Evidence regarding the nature of thermal damage and the temperature range over which it occurs can be deduced from Arrhenius plots of killing and growth over the hyperthermic, normothermic, and hypothermic temperature ranges 8 . As shown in figure 2, growth increases uniformly from 30-408C for V79 cells with an activation energy of 18 kcal/mole, implying that the rate of growth and division is limited by metabolic processes. The rate of growth decreases sharply above 408C. Measurements by Watanabe and Okada 9 using L5178Y cells also show a maximum growth temperature near 408C. The onset of measurable killing over a few hours at 41.5-428C in a number of mammalian cell lines indicates that a sharp transition from growth to killing at a few degrees above body temperature is a general characteristic of mammalian cells 6 . In addition, the theory proposed by Johnson et al. 10 to explain the decrease in enzyme activity at elevated temperatures predicts a maximum in enzyme activity near the onset of the denaturation of that enzyme. This is similar to what is observed for cell growth.
In the hypothermic region, there is a sharp transition at 308C from net growth to rapid killing. Hypothermic survival curves are similar to hyperthermic survival curves such as those shown in figure 1, with a shoulder and an exponential region, except that killing is two-to-three orders of magnitude slower. The rate of killing decreases from 25-88C with an activation energy of 15 kcal/mole, suggesting that metabolism, probably unbalanced metabolism, is the rate limiting step for hypothermic killing in this temperature range 11 . Below $88C there appears to be a dramatic shift in the mechanism of killing. The slope of the Arrhenius plot changes to an apparent 'negative activation energy' in the temperature range of 8-08C, which is indicative of a transition near 88C. A break in the Arrhenius plot for killing has been seen in several mammalian cell lines between 5-108C 8 . The Arrhenius curve in the hyperthermic region illustrates the normal properties of hyperthermic killing. For CHL V79 and other rodent cells, killing is first detectable at 40.5-418C, there is a bend in the curve at 428C (barely visible in this figure because of the scale), and the activation energy is very high above this break (greater than 150 kcal/mole). The high activation energy for killing is strong evidence that the rate limiting step is a transition in a critical target.
Thus, there are several critical temperatures for growth and killing of mammalian cells. These occur at near 8, 25-30, 40-41, and 42-438C, and there is reason to believe that each involves a transition in some cellular component. Only growth and hypothermic killing from 8-258C appear to be limited directly by metabolic events. Hypothermic killing below 88C and hyperthermic killing above 418C are induced by transitions. The critical temperature at 88C is thought to be due to a lipid transition 8 , but nearly all the evidence indicates that the transition causing hyperthermic killing is due to protein denaturation 1 . The Arrhenius analysis is based on killing being controlled by a molecular process with the same activation energy. Thus, thermal damage should have the same activation energy (ln k vs 1=T dependence) as cell killing. The bend on altered slope below 42-438C is caused by thermotolerance. Thus, extrapolation of the region above 438C to lower temperatures should give the rate of thermal damage at the molecular level at these temperatures in the absence of thermotolerance. Extrapolation of the curve for killing to 378C gives a rate of killing of 0:094 Â 10 À3 min À1 compared to a growth rate of $10 À3 min À1 at 378C. Thus, significant thermal damage may occur even at the normal growth temperature, and if so cells have the capacity to endure or repair this damage. By comparing the generation time to the population doubling time, Johnson and Pavelec 12 argued that there is a cell loss of 0.2% h À1 in Chinese Hamster Lung cells at 378C due to what they term thermal noise. This analysis implies that thermal damage always occurs, even at 378C, and that the maximum temperature cells can endure is not the same as the maximum temperature at which damage does not occur, but is the maximum temperature at which cells can repair damage. This has implications for the minimum dose for thermal damage since exposure of cells or tissue to environmental conditions which reduce the ability to accumulate damage or inhibit the ability to repair damage will increase the amount of apparent thermal damage.
Thermal damage
Transitions
The high activation energy for cell killing implies that the rate limiting molecular process controlling killing has a similar high activation energy. This raises the questions as to what is the controlling molecular process and to whether or not other cellular processes besides killing also have a high activation energy. The rate constants for two other final responses for which good temperature dependent measurements have been made, thermal radiosensitization 13 and teratogenisis 14 also have high activation energies. Thus, complex cellular responses other than killing alone have high activation energies. Also the sharp decrease in oxygen consumption above 40-418C implies that respiration is inhibited with a high activation energy 15;16 . This implicates a transition in a cellular macromolecule or structure as the rate-limiting step in these processes, since transitions are the only molecular processes with sufficiently high activation energies. This is an important implication suggesting that processes as dissimilar as inhibition of respiration, cell killing, and teratogenisis due to hyperthermia have similar mechanisms, even though the macromolecules and structures involved in each process are different.
Transitions occur in numerous cellular components. The question that must be answered is what is the transition (or transitions) that is the rate-limiting step for the above responses in mammalian cells? There are many potential targets. Transitions in the membrane lipid bilayer have been intensely investigated. They have a strong temperature dependence that is consistent with the high activation energy for killing. The most obvious lipid transition is the gel-to-liquid crystalline (melting) transition.
The hypothesis has been presented that hyperthermic damage would result from the melting of normally solid domains present at 378C when the temperature is increased. This is fundamentally different than the critical fluidity hypothesis, which postulates that death is caused merely by exceeding a maximum tolerable fluidity in the fluid, liquid crystalline regions of the membrane. There is no strong evidence for either gel lipid at 378C or for a gel-to-liquid crystalline lipid transition above 378C in mammalian cells, both of which are necessary conditions for death to be caused by a gel-to-liquid crystalline transition 16 . Order-disorder transitions also occur in DNA and RNA. The main transitions in DNA are unlikely to play a role in killing since they are normally reversible and occur at high temperatures (in the range of 85-908C). However, localized melting of destabilized regions could be important. Structured RNA, such as double stranded regions, undergoes a melting transition similar to DNA. Possible RNA targets are tRNA and other forms of compact RNA such a rRNA and the small, nuclear ribonucleoprotein (snRNP) complexes. With the recent discoveries of the large number of enzymatic functions performed by RNA and its important role in many protein-RNA complexes such as ribosomes 17 , it must be considered as a potential target much like protein.
However, the most likely target for heat shock is protein. The denaturation or partial unfolding of proteins during heat exposure, resulting in damage due to the inactivation of crucial cellular functions or the disruption of cellular structures, is most consistent with the large body of experimental observations.
Protein denaturation
Direct evidence for the denaturation of proteins in mammalian cells is reviewed by Lepock 1 . The thermal stability of proteins is usually expressed in terms of the transition temperature for denaturation T m . Since this is the temperature at which half the protein denatures, and denaturation is both time and temperature dependent, considerable denaturation occurs at lower temperatures. Proteins appear to have transition widths of 10-128C 18 , implying that denaturation first occurs at 5-68C below T m . A summary of some important results concerning protein denaturation in cells follows (more details are given in (2) A number of mammalian cell lines (the rodent lines CHL V79, CHO, L929, and 3T3 and human lines HeLa and A549) have five major transitions with the T m of the lowest transition equal to 508C. The important parameter is the onset temperature of denaturation which is $408C in rodent cells and 41-428C in human cells when both types of cells are grown at 378C. This is the lowest temperature of detectable protein denaturation using differential scanning calorimetry (DSC). (3) The onset for protein denaturation in microsomal membranes, mitochrondria, cytosol, nuclei and nuclear matrices isolated from rat hepatocytes is approximately 408C. Thus, all major components of the cell suffer some protein denaturation above this temperature.
(4) A comparison of fractional protein denaturation vs. cell killing in CHL V79 cells indicates that little or no killing occurs until $5% of total cellular protein is denatured and at 10% denaturation $95% of V79 cells are killed.
(5) The cellular hyperthermic sensitizers methanol, ethanol, propanol and butanol increase protein denaturation in proportion to their sensitization. The cellular protectors glycerol and D 2 0 also protect cellular proteins from denaturation. In addition, a number of thiol specific oxidative agents sensitize cells to hyperthermia, induce a heat shock response, and sensitize proteins to denaturation (reviewed by Freeman et al. (19) ).
(6) Thermotolerant V79 cells have a higher onset for denaturation ðÁT m $ 1:38C) than control cells.
Thus, protein denaturation occurs in mammalian cells at temperatures in excess of 40-428C and possibly at lower temperatures. Measurable protein denaturation can occur at 378C during exposure to compounds and conditions that exert a proteotoxic stress. There are two general effects of protein denaturation that one would expect to be particularly harmful to cells: direct inactivation of protein function and disruption of complex structures. Inactivation of enzyme activity, membrane receptors, and ion transporters has been shown to occur during hyperthermia 20 . Death may be caused by damage of this kind; however, a more difficult damage to repair may be structural damage. This can consist of membrane permeability changes, depolymerization of complex structures (e.g. disruption of cytoskeletal elements), and aggregation (e.g. aggregation of membrane proteins and binding of proteins to the nuclear matrix and other cytoskeletal structures). Damage of this type can have pleiotrophic effects on cellular physiology and may ultimately be the cause of death. In addition, damage to the nucleus is consistent with the strong radiosensitization and teratogenesis effects of hyperthermia. Teratogenesis is extremely sensitive to elevated temperature, and the suggestion has been made that teratogenic effects may be observed after long exposures at temperature elevations of only 1.5-2.08C above normal core temperatures in experimental mammals such as guinea pigs and rats 14 . This implies the cellular targets for teratogenesis are extremely heat sensitive. The effects of hyperthermia on cell function are discussed in } V.
Thermotolerance and the heat shock response 4.1. Heat shock response
The term heat shock response is usually used to refer to the induction of heat shock proteins (Hsps) by heat shock or hyperthermia. However, in a broader sense the heat shock response encompasses all the responses by cells and organisms to a heat shock. The primary determinant of the sensitivity of an organism or cells to hyperthermia is intrinsic protein stability, which is determined by amino acid sequence. For example, glyceraldehyde-3-phosphate dehydrogenase (GPDH) from the mesophile Bacillus coagulans is rapidly inactivated at temperatures above 558C, while GPDH from the thermophile Bacillus stearothermophilus is stable to 808C 21 . The difference in stability is due to 28 amino acid residue differences between the two proteins. Five ala-to-pro substitutions in the thermophilic enzyme are thought to have a major effect on stability 21 . Three different amino acid changes in kanamycin nucleotidyl transferase can cause either a 98C increase or decrease in the inactivation temperature 22 . Thus, intrinsic protein stability is sufficient to account for vast differences in cellular resistance to hyperthermia.
However, numerous factors and environmental conditions, such as ionic composition and pH, modulate cellular sensitivity. One important factor is the amount of cellular Hsps, which are the primary, if not sole, cause of thermotolerance. Thermotolerance is defined as the increased thermal resistance that develops after a heat shock during exposure to slightly elevated temperatures, or following certain chemical treatments, in mammalian cells. Thermotolerance is important since, as discussed in } II, it is a major factor influencing the sensitivity of cells to hyperthermia. Several excellent reviews discuss general aspects of heat shock proteins as molecular chaperones 23 , the role of Hsps in protein folding 24;25 , protein quality control 26 , and the response of cells and organisms to stress and death 27;28 . In mammals, activation of the transcription factor HSF1 leads to the induction of all stress-inducible proteins (i.e. those whose promoters contain a heat shock element (HSE)). Three HSFs have been characterized in humans, but HSF1 has the principal role in the induction of stress-induced genes. It appears that HSF1 is maintained in an inactive form through interactions with Hsp 90 and possibly Hsp 70. Generation of denatured protein during heat shock supplies additional substrate for Hsps and shifts the equilibrium of HSF1 from the bound to unbound form. The active form of HSF1 is the phosphorylated trimer which binds to the HSE and activates transcription of heat shock genes. Overall, there are multiple steps in HSF1 activation and HSP induction 29 . Thus, the synthesis of Hsps is a direct response to thermal damage in the form of denatured protein. Detection of Hsp induction or activation of HSF1 is an indication of the formation of denatured protein and the presence of thermal damage.
Hsp induction is observed after acute exposure to elevated temperature but also during continuous exposure to temperatures only slightly elevated above normal growth temperature. For example, Hsp synthesis is observed in HeLa cells at temperatures of 398C and above 30 . In addition, injection of denatured protein, specifically denatured protein that aggregates, is sufficient to induce the synthesis of Hsps 31 . These observations suggest that protein denaturation occurs at temperatures only a few degrees above 378C, although the amount of denaturation is probably low since growth is not affected. In addition, after incubation at 48C, which probably allows some adaptation to low temperatures, Hsp synthesis can be detected after return to 378C 32 . This results from some loss of stabilizing factors during low temperature incubation, probably because of some degree of adaptation to lower temperatures, and is consistent with only a small increase in temperature needed for thermal damage. These results are also consistent with the direct detection of protein denaturation by DSC 1 .
Thermotolerance
As described in } II, thermotolerance is defined as the increase in cellular resistance to hyperthermia occurring after either a brief exposure to 42-458C followed by recovery at 378C (acute thermotolerance) or continuous exposure to longer periods at non-lethal temperatures of 38-408C (chronic thermotolerance). Thermotolerance can also be induced by a number of proteotoxic chemicals and stresses 19 . A good correlation exists between increased synthesis of Hsps and what is referred to as protein synthesis dependent thermotolerance (for a review see Landry et al. 30 ). Under some conditions thermotolerance can develop without the synthesis of additional Hsps, and this is referred to as protein synthesis independent thermotolerance 3;33 . However, Hsps could still be responsible for all forms of thermotolerance, even in the absence of additional Hsp synthesis, if constitutive Hsps are mobilized or activated by heat shock. In yeast and microorganisms, a thermotolerant state occurs following synthesis of threalose and glycerol, but mammalian cells do not use these compounds. Thus, Hsps are the only known mechanism for thermotolerance in mammals.
Heat shock proteins
The known function of heat shock proteins have been described in a number of reviews 23À28 . Briefly, they function by binding to denatured protein or partially unfolded intermediates to block aggregation and allow refolding to occur. Multiple cycles of binding and release of chaperones such as GroEL may occur before folding through a productive pathway occurs. Of relevance for heat exposure is the mechanism by which Hsps modulate thermal sensitivity. This appears to occur by a mechanism similar to that for assisted protein folding 24;25 . Hsps bind to newly denatured protein, thus blocking aggregation and allowing refolding by the mechanism described above.
Alterations in cell structure and function
Chromosomal aberrations and mitotic dysfunction
The only cellular lesions which have been demonstrated to be closely associated with cell killing are the chromatid-type aberrations produced when cells are heated in S phase 34;35 and centrosomal damage when CHO cells are heated in G1 phase 36 . Mammalian cells are most sensitive when heated during mitosis, second most sensitive when heated in S phase, and much more resistant when heated in G 1 35 . The average of one aberration per cell produced in S phase for a fractional killing of 63% (1 À 1=e) is sufficient to cause killing. Heat does not appear to directly induce DNA double strand breaks, which are required for the formation of chromosomal aberrations, but breaks probably occur during synthesis or are due to misrepair 35 . Related to aberration formation may be the observations that heat shock inhibits the formation of replicons, reduces the rate of replication fork displacement, and increases the amount of single-stranded DNA in the replicating regions 35 . In addition, for at least CHO cells heated in G1, centrosomes are damaged which leads to mitotic dysfunction which is manifested by death when cells enter the next mitosis 36 . Aggregated protein appears to be associated with centrosomes isolated from heated cells, which may interfere with their proper function during mitosis. There is also a large increase in insoluble, aggregated protein in the nucleus following heat shock, which may interfere with replication leading to aberrations 37 . Both of these demonstrated mechanisms of thermal killing may involve protein aggregation. The formation of insoluble aggregates in the cell is discussed in more detail below. However, detailed studies relating lipid phase transitions to the maximum growth temperature indicate that membrane lipid fluidity is not the limiting factor for hyperthermia killing in microorganisms (for reviews see McElhaney 39 and Lepock 16 ). The situation with mammalian cells is more complex with some studies showing a small effect of alterations in membrane fluidity on hyperthermic sensitivity 16;20 . Although, membrane fluidity might modulate the response of cells to hyperthermia, it does not appear to be the main determinant of killing.
Membrane transport.
There have been suggestions that increases in ion permeability (i.e. Na þ , K þ and especially Ca 2þ ) and inhibition of amino acid transport play a role in cell killing. These originated from studies which showed a net K þ efflux and Na þ influx following heating (for review see Lepock 16 ). However, other studies have shown that even after severe heat treatments (458C for 30 min) cells appear able to maintain normal ion gradients for at least 10-16 h 35 . At this time, a small fraction of cells lose the ability to maintain ion gradients as they die a metabolic death. This total loss of ion permeability by the fraction of dying cells probably accounts for the positive observations. Thus, the initial lesion causing death is not a major loss of ion impermeability. Still there are reports of changes in membrane potential at modest heat treatments 40;41 , which could be due to fairly minor changes in ion permeability which are undetectable by other means. The functional implications of these possible changes are unknown, but they appear unrelated to killing 42 .
Membrane receptors.
A number of interesting observations have been made relating to damage to receptors and impairment of ligand binding. These are important since these alterations in receptor function could be manifested as changes in signal transduction pathways, potentially at lower, sub-lethal temperatures; however, this has not been investigated in detail.
Stevenson et al. 43 have observed a decrease in Con-A-induced capping, that correlated with lethality of HA-1 CHO cells after prior exposure to temperatures of 438C and higher. An inhibition of capping has also been observed in mouse B lymphocytes after heating which correlated with an enhancement of Ab-C cytotoxicity 44 . Calderwood and Hahn 45 have reported a detailed investigation of the effects of hyperthermia upon insulin binding to HA-1 CHO cells. Heat treatment resulted in a dose-dependent decrease in insulin binding due to a loss of insulin receptor, not reduced affinity of the receptor for insulin. Cells made thermotolerant were not only more resistant to killing, but also to receptor loss. Inhibition of insulin binding appeared to be due to damage to the receptor itself or to the membrane, not to indirect, energy-dependent processes such as internalization.
The binding of epidermal growth fact (EGF) to rat-1 cells is inhibited, in a dose dependent fashion, by heating at 458C 47 . The affinity of the EGF receptor, rather than number of receptors as for insulin, is reduced. Receptor-mediated endocytosis of EGF is not affected, while the degradation of internalized EGF by lysosomes was inhibited, implying possible damage to the lysosome.
The binding of antibody (anti-H-2K k and anti-H-2K b ) to the cell surface histocompatibility antigens of murine lymphoma cells is also inhibited by hyperthermia 47 . As for insulin, but in contrast to EGF, the decreased antibody binding appears to be due to decreased receptor number, not reduced affinity. The effect of hyperthermia on the ligand binding and distribution of the disparate receptors investigated is striking. This can only be accounted for by each receptor being individually sensitive to temperatures above 42-438C or by a temperature-induced, general alteration in membrane structure above 42-438C that interferes with the function of all membrane receptors.
Cytoskeleton
Some of the most apparent manifestations of thermal damage at the cellular level are morphological changes such as cell rounding and blebbing 48 . The degree of blebbing correlates well with cell killing 49 . The morphological changes appear to implicate the plasma membrane; however, cellular morphology is primarily determined by the cytoskeletal system, which is known to be damaged by hyperthermia (for review see Coss and Linnemans 50 ). Microtubules, microfilaments, and intermediate filaments all suffer damage and varying degrees of depolymerization during heating, although the specific mechanisms of damage are unknown 50 . In addition, the consequences of cytoskeletal damage, particularly with regard to cell killing, are poorly understood.
Protein aggregation and insolubilization
Nearly all proteins aggregate following thermal denaturation in vitro. There is considerable evidence that the same occurs in vivo. All present assays for intracellular aggregation are based on the formation of non-extractable, insoluble aggregates 51 . Numerous studies have shown that the amount of insoluble protein in the nucleus increases following heat shock (for a review see Roti Roti and Laszlo 52 ). Several enzymes involved in DNA replication and repair, and several nuclear oncoproteins and proto-oncoproteins have reduced extractability following heat shock. Much of the insoluble protein appears bound to the nuclear matrix. In addition to aggregation of nuclear proteins, cytoplasmic proteins also aggregate, although the aggregates are much weaker and more easily disrupted.
An important characteristic of these insoluble aggregates is that they contain not only denatured protein but also native proteins. Many protein that aggregate in the cell still retain activity 51 . Thus, it appears that the thermally denatured protein acts as a nucleation site, probably due to exposure of hydrophobic residues, for the binding of native protein. This may interfere with the function of these proteins and, hence, be an important form of damage.
Protein aggregation may be important even at very mild exposures, since it can happen at low temperatures. For example, large aggregates, containing but not limited to protein kinase C and spectrin, form in mammalian lymphocytes at 398C 53 .
Nuclear effects
Hyperthermia is a potent sensitizer to ionizing radiation (for a recent review see Kampinga and Dikomey 54 ) . Although the precise mechanism of thermal radiosensitization is unknown, there is considerable evidence that it is due to the inhibition of repair of DNA damage caused by radiation. There is some evidence that the main contribution may come from inhibition of the religation step of base excision repair 54 . There may be similarities between thermal radiosensitization and heat killing of S phase cells, since both result in increased levels of chromosomal aberrations. Indirect and correlative data suggest that protein aggregation onto the nuclear matrix, resulting in reduced accessibility of damaged DNA to repair complexes, may play an important role in both thermal radiosensitization and cell killing, particularly in S phase 37;54 . For human cells heated at high temperatures (T ! 438C), both cell killing and thermal radiosensitization have a similar temperature dependence and similar induction times 55 . However, at 418C and lower radiosensitization can occur with minimal or no cell killing. Thus, radiosensitization can be a sub-lethal effect and occur at mild hyperthermic temperatures, again illustrating the interaction of hyperthermia and other damaging agents. Interactions are important for the final level of cytotoxicity; heat damage influences the amount of damage from other forms of stress. The overall level of toxicity is a complex function of the initial cellular state and simultaneous exposure to other harmful conditions.
Conclusions
(1) In culture, both human and rodent cells are able to grow and divide continuously at temperatures below 40-418C, although adaptation to a more thermotolerant state occurs during exposure to any temperature above the normal growth temperature. (2) Cell killing commences above the maximum growth temperature with a strong temperature dependence, illustrated by a high activation energy of 100-200 kcal/mole, implicating a transition in a cellular macromolecule or structure as the rate limiting step in killing. (3) Protein denaturation is probably the rate limiting step for hyperthermic cell killing and for any other thermal effect with a high activation energy.
(4) The formation of chromosomal aberrations is sufficient to account for hyperthermic cell killing in S phase cells. This indicates the formation or misrepair of DNA damage. (5) Hyperthermia sensitizes to a number of other stresses, including ionizing radiation. Thus, hyperthermia is most damaging when combined with other stresses.
(6) Thermal sensitization to ionizing radiation involves an inhibition of repair of DNA damage. This suggests that a similar sensitization to other genotoxic agents by hyperthermia may exist, which has been observed for some chemotherapeutic drugs.
